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Introduction
The rotor used in a wave rotor has axial passages arranged around the circumference of a drum. Air enters the passages via ducts, which span several passages. The leading edge of a duct is frequently rounded to minimize losses due to vortex shedding, but this can result in the air being incident on the rotor at large angles of attack,1 which may approach 90°. Flow at high angles of attack will suffer a loss of stagnation pressure, called incidence loss. Air entering the passages without incidence will also undergo a stagnation pressure loss due to the drag of the walls on the flow. This loss is termed transmission loss here.
Accurate modelling of wave rotor performance requires knowledge of both these losses. Unfortunately, there does not appear to be much data in the literature on incidence losses at high angles of attack.
The flow into the wave rotor may be idealized as the flow into a cascade of flat plate airfoils at zero stagger angle. This geometry is shown in Fig where the value of t/b would be of the order of 10 percent or less. Also the passages would be much longer in a wave rotor than those shown. In most aerodynamic flows, the angles of incidence are kept small deliberately, accounting for the paucity of data at high values of incidence. Emmert has given data for turbine blades, with turbine style airfoils rather than flat plates, 2 up to incidence angles of 60°. The origin of these data was not quoted, so it is difficult to assess their validity. Two limiting curves were given, for sharp-nosed and round-nosed airfoils, without defining either term. Any given airfoil could presumably lie anywhere between these two curves. These curves are have attempted to correlate data from many turbine cascade experiments, taking the blade geometry into account.
Using a geometry from their in-house experiments, a curve of loss coefficient versus angle of incidence can be generated from the correlation given by Moustapha et al.,
and is also shown in Fig. 2 . The maximum angle in their tests was 30°. There are two additional curves shown in Fig. 2 . One, labelled K = sin2(ot), corresponds to the value obtained by assuming that the component of velocity normal to the slot is completely lost, 4 an assumption that is frequently made.The other curve, labelled K = sin3(o0, has no theoretical validity, but does appear to be a good fit to Emmert's data at angles of incidence above 30°. It is clear from these data that there is no agreement on the dependance of the loss coefficient on angle of incidence. 
Loss Measurements
The experiments of Skews and Takayama 7 consisted of a set of measurements in a shock tube in which a shock wave was passed over a slotted plate, set at various angles to the shock tube axis. A sketch of the plate is given in The number printed beside some ofthedata points isthe Mach number oftheflowincident ontheslot intheslot frame ofreference. It willbeseen that thepressure drop at zeroincidence (i.e., flow normal totheplate) is much larger than thechange inpressure dropdue toincidence. However, thechange in stagnation pressure dropwith incidence is complicated bythefact thattheflowMach number isincreasing aswell astheangle ofincidence. The flowReynolds Numbers, based onwebthickness, were around 2.6x 103 to5x103, soshould have been intherange forwhich thelossisindependant ofReynolds Number.
Transmission Loss at Zero Incidence
The loss of stagnation pressure across the plate will be assumed to have two components, a transmission loss, and an incidence loss. The transmission loss is caused by the flow being necked down in the slot, undoubtedly with a vena contracta, and then expanded as it leaves the slot. The incidence loss is the loss caused by the fact that the flow is approaching the slot at an angle of incidence. It will be assumed that these two losses are additive, though it is by no means obvious that this is so.
Experimental Transmission Loss
Clearly, the observed loss is the transmission loss when the angle of incidence is zero. Thus the cases from Table I for which the angle of incidence is zero are plotted in Fig. 6 as transmission loss versus incident Mach number.
In addition, cases for 13 = 0.6 for which the angle of incidence was less than 35°are also plotted in Fig. 6 , as open squares. It will be shown later that incidence loss is negligible for these cases, so the loss measured for these cases is also transmission loss. Fitting a power law to these points by the method of least squares results in the expression;
AP/P 1 _ 1.27 M 0"563 (1) for the coarse grid, and
for the fine grid. These formulae are plotted as the dashed lines in figure 6.
Calculated Transmission Loss
Control Volume Analysis. An estimate of the transmission loss can be made by solving the mass, momentum, and energy equations for one-dimensional flow. The flow is broken into three sections: (1) from far upstream to the vena contracta, (2) from the vena contracta to the passage exit, and (3) from the exit to far downstream.
In region 1, it is assumed that the front wall of the web will be entirely at the stagnation pressure of the flow, so that it provides a drag on the flow. In addition, the flow will neck down to a vena contracta, and the area between the web and the vena contracta will also be assumed to be at the upstream stagnation pressure, providing further drag. This is undoubtedly an overestimate of the drag force, but is done to obtain the maximum loss. The momentum equation becomes, taking the upstream area to be unity;
This can be combined with the perfect gas law, mass conservation, and energy conservation, following Foa 8, to
give a quadratic equation which can be solved for z, where
and the Mach number follows from;
With the Mach number determined, the static pres sure is found from the continuity equation, and hence the stagnation pressure. What is unknown up to this point is the value of 13",or equivalently, the contraction coefficient tp. Values of _0 were derived from the plots given by Cornell, 6 by interpolating for [_= 0.6 and 0.67, and fitting these with parametric equations in 13and pressure ratio.
The approximate value of tp was 0.75.
Similarly, at the exit of the passages, it is assumed that the flow has filled the passage uniformly, and then expands downstream to fill the total open area.
The momentum equation becomes:
and the solution is; 
Although this is not necessarily the correct dependance on incidence angle, it will be used here for simplicity. The loss of stagnation pressure follows as;
from which;
This formula has been used to calculate an incidence loss for each of the experimental points; the results are in Table I . It will be seen that, as stated above, the incidence loss for angles of incidence less than 35°is very small compared with the measured total loss.
The CFD code was used to calculate flows approaching a slot of _ = 0.6 at angles of incidence of 0°, 30°, 45°, 60°, and 75°, for incident Mach numbers which gave an axial Mach number component (i. (1) the incidence loss is described by Eq. (11) (2) the transmission and incidence losses are additive.
Total Loss
The total loss for the case of a plate with a flow at an angle of incidence will be assumed to be the sum of the incidence loss as calculated above, and a transmission loss line. In Fig. 9 , the experimental total loss, minus the calculated incidence loss, is plotted against M | cos(a), for both the coarse grid and the fine grid. Whilst there is considerable scatter in the data, the data do collapse to a single line. Alternatively, the measured total loss can be plotted against the incident Mach number, and compared with curves of total loss calculated from the sum of transmission loss and incidence loss, using Eq. (12). Such a plot is shown in Fig. 10 , for the coarse grid. There is not perfect agreement between data and experiment, nor could there be, given the spread of the experimental data, but the trends do appear to be correct.
Discussion
What is rather surprising about the results is the significant reduction in total pressure loss at a given incident Mach number with increasing angle of incidence.
For the particular slotted plates used, the transmission loss dominated over the incidence loss, so this result seems to be a consequence of the reduction in the component of Mach number normal to the plate as the incidence is increased. Use of the normal component of Mach number to characterize the loss seems reasonably accurate. The incidence loss is too small to reach any conclusions about its dependance on angle or Mach number other than to say that it is not inconsistent with Eq. (11). This is true both from the experimental results, and the CFD calculations.
The major discrepancy between calculation and experiment seems to be the large value of transmission loss observed for flow normal to the plates at quite low incident Mach numbers, such that the flow is entirely subsonic. This The flow is undoubtedly very complex, and it is probably wishful thinking to expect it to be modelled simply.
As stated above, the plates used to generate the experimental results exhibited more transmission loss than incidence loss, having open air ratios of only 33 and 40 percent. However, the technique is by no means limited to such plates, and, by using a more open plate, it is possible that data could be generated in which the incidence loss dominates, so that such losses could be characterized by Mach number and incidence angle. 
